In two Higgs doublet models, there exists an interesting possibility, the hidden light Higgs scenario, that the discovered SM-like Higgs boson is the heavier CP -even Higgs boson H 0 and the lighter CP -even h 0 has not been observed yet in any experiment. We study the current status of this scenario in Types I, II, X, and Y, through the scans of the parameters with all relevant theoretical and experimental constraints. We employ not only the most up-to-date Higgs signal strength measurements with the feed-down effects, but also all the available LHC exclusion limits from heavy Higgs searches. Adjusting the heavier H 0 to the 125 GeV state while hiding the lighter h 0 from the LEP Higgs search prohibits the extreme decoupling limit: there exist upper bounds on the masses of the pseudoscalar A 0 and the charged Higgs H ± below about 600 GeV. In addition, the Z 2 symmetry is shown to be a good approximate symmetry since the soft Z 2 symmetry breaking parameter m 2 12 should be less than about (45 GeV) 2 . Most interestingly, a few parameters in the Higgs potential and the related Higgs triple and quartic couplings are shown to be meaningfully constrained by the current data. The double Higgs-strahlung process at an e + e − collider is also studied.
I. INTRODUCTION
The observation of a Higgs boson with mass around 125 GeV at the LHC [1] completes the journey in the standard model (SM): the electroweak symmetry breaking mechanism is uncovered; the mass generation of subatomic particles is most economically explained; the Higgs boson mass, the last unknown parameter in the SM, is precisely measured [2] . The current LHC Higgs data imply that the observed 125 GeV state h 125 is very similar to the SM Higgs boson [3] [4] [5] [6] [7] . Nevertheless there are some vital clues that this is not the end of the road. We do not expect that the ultimate theory of particle physics is the SM which suffers from the gauge hierarchy problem and has no solution to account for 95% of the energy of the Universe. New physics is inevitable.
Apart from Occam's Razor, there is no reason for prohibiting additional Higgs doublets.
Many new physics models contain at least two Higgs doublets, and thus additional Higgs bosons. This extension of the Higgs sector is a good direction toward new physics beyond the SM. The LHC Higgs data on the 125 GeV state may play the role of a compass to show the direction. In addition, both ATLAS and CMS collaborations provide significant exclusion limits from the null results in the searches for the heavy neutral and charged Higgs bosons.
In the ordinary setup where the observed is the lightest CP -even neutral Higgs boson h 0 , the compass naturally points to the decoupling limit [8] where the other Higgs states are very heavy. The phenomenology of the decoupling limit generically mimics that of the SM.
Even if the current experimental status, the SM-like 125 GeV state without any signal of other Higgs bosons, might keep in the future, the verification or invalidation of a specific new physics model will be postponed till the next generation collider.
If the observed 125 GeV state is a heavier CP -even neutral Higgs boson H 0 , however, the LHC Higgs data play a much more significant role in characterizing a specific model.
Adjusting the heavier H 0 to h 125 as well as hiding the lighter h 0 from low energy experiment data constrain the new physics model strongly. We call this possibility the hidden light Higgs scenario. If the current LHC data can specify the Higgs potential in this scenario thanks to the expected strong constraints, it will give important implications on the dynamics of the electroweak phase transition [9, 10] , and the measurement of the cubic and quartic self-couplings of Higgs bosons in the future collider [11, 12] .
As the simplest extension of the SM Higgs sector, we consider a two Higgs doublet model 
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(2HDM) [13] with CP invariance and softly broken Z 2 symmetry [14] . There exist five physical Higgs bosons, the light CP -even scalar h 0 , the heavy CP -even scalar H 0 , the CPodd pseudoscalar A 0 , and two charged Higgs bosons H ± . The general Higgs potential has 7 parameters. According to the Z 2 charges of the SM quarks and leptons, there exist four types of 2HDM: Type I, Type II, Type X, and Type Y [15, 16] . In the normal setup of h 0 = h 125 , there are extensive studies on the global fit analysis of the Higgs signal strengths as well as the phenomenology of the other heavy Higgs bosons [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The hidden light
Higgs scenario is also naturally accommodated in the 2HDM [6, [29] [30] [31] [32] [33] [34] [35] : H 0 is the 125 GeV state and h 0 has not been observed yet.
A comprehensive study of the current status of the 2HDM Type I and Type II by including the heavy Higgs search data was first performed in Ref. [36] . Similar comprehensive studies in other setup such as very light Higgs bosons [31] or the minimal supersymmetric standard model [37] were followed up. We extend the study, focusing on the question of how much the current data constrain the Higgs potential in the hidden light Higgs scenario. To answer the question, we consider more extended constraints than in Ref. [36] , particularly those from the LHC heavy Higgs searches. We classify the theoretical and phenomenological constraints into three categories: theoretical bounds, pre-LHC bounds, and LHC bounds.
The details of each step are summarized in Table I . The theoretical bounds demand the boundedness of the Higgs potential [38] , unitarity [39, 40] , and perturbativity. The "pre-LHC" bounds include the LEP bounds on h 0 [41, 42] and H ± [43] , ∆ρ in the electroweak precision data [44, 45] , the flavor changing neutral current (FCNC) data such as ∆M B d and b → sγ [46, 47] , and the top quark decay of t → H + b [48] . The "LHC" bounds are based not only on the Higgs signal strength measurements from LHC8, but also on the exclusion limits from all the heavy Higgs searches including 
The SM Higgs field, which corresponds to H 1 , becomes
If c β−α = 1 and m H = 125 GeV, H 0 has the same properties as the SM Higgs boson. This is called the alignment limit [57] :
The alignment limit for
As shall be shown, the allowed parameters by all the constraints are distributed around the alignment limit. The alignment limit maximizes or minimizes some triple couplings of Higgs bosons with weak gauge bosons or other Higgs bosons. We classify them into two categories, one proportional to s β−α and the other proportional to c β−α :
In the hidden light Higgs scenario, the couplings proportional to s β−α vanish in the alignment limit. (10) Note that in the exact alignment limit (c β−α = 1), all of the Yukawa couplings for H 0 are the same as in the SM. There are two kinds of deviation from the alignment limit: one is proportional to t β , and the other to 1/t β . Since FCNC constrains t β 1, those proportional to t β s β−α yield much larger deviation from the SM Yukawa coupling. As shown in Eq. (10), Type I has common Yukawa couplings, which have the t β -suppressed deviation from the alignment. On the while, Type II has the t β -enhanced deviation for the down-type quark and charged lepton Yukawa couplings. As shall be shown later, Type II is most strongly constrained by the current LHC Higgs data.
III. CONSTRAINTS
We constrain the hidden light Higgs scenario in the 2HDM by sequentially taking three steps. The first step (yellow) is to apply theoretical conditions, the second (green) is to use all reliable experimental constraints before the LHC data, and the last step (red) is to include the LHC Higgs data that consist of the observation of the 125 GeV state as well as the exclusion limits from the searches for the other Higgs bosons heavier than 125
GeV. In what follows, each coloured point (yellow, green, or red) represents the surviving parameters at 95% C.L., up to the corresponding step. For example, the green points satisfy the theoretical and pre-LHC bounds. We summarise the constraints in Table I .
A. Theoretical constraints
(i) The Higgs potential to be bounded from below : As proven in Ref. [38] , the scalar potential in Eq. (2) is bounded from below if and only if the following conditions are satisfied:
(ii) Unitarity: Tree level perturbative unitarity requires for the absolute values of the followings to be less than 8π [39, 40] :
(iii) Perturbativity: We first demand the bare quartic couplings in the Higgs potential to satisfy the perturbativity as
In addition, the magnitudes of the quartic couplings among physical Higgs states like
Here we do not require that the 2HDM vacuum should be the global minimum of the potential [58] , because the existence of a false vacuum (local minimum) is acceptable if its lifetime is longer than the age of the Universe. Unquestionably if the lifetime of a false vacuum is shorter, the corresponding parameter space should be excluded. Since the calculation of the 2HDM vacuum lifetime is beyond the scope of this study, we take a conservative stance to ignore the global minimum condition.
B. pre-LHC bounds
(i) The LEP bounds on h 0 and H ± : One of the most direct channels to probe a light Higgs boson with mass below 120 GeV is the Higgs-strahlung at the LEP. We use the strongest upper bound on the event rate of e + e − → Z 0 h 0 → Z 0 jj [41, 42] . Another important result from the LEP is the direct production limit on the charged Higgs boson mass as [43] :
(ii) ∆ρ in the electroweak precision data: The ∆ρ parameter from the electroweak precision measurement has additional contributions in the 2HDM through the heavy neutral Higgs 
1 .
(iv) Bound from t → −0.37 [88] R VBF bb = 0.7 ± 1.4 [87] , R V h bb = 1.0 ± 0.5 [89] are searched, [75] , the interpretation is very challenging at a hadron collider because the interference with the QCD continuum background causes various shapes in the tt invariant mass distribution [76] [77] [78] . Since the interference effects have not been included yet in the experiment analysis, we do not consider this tt channel.
(iv) the global fit to the LHC 125 GeV state data with the FD effects: The discovery of the Higgs boson is not based on a single observation of a resonance, but more than 200 channels.
Any new physics model should explain the whole LHC Higgs data, which is commonly analysed through the global χ 2 fit. We parameterize each signal rate by R production decay , the ratio of the observed event rate to the SM expectation in the specific channel, and identify it with the signal strength modifier µ ≡ σ/σ SM . In the 2HDM, R's are not generally equal to one as in the SM. The latest experimental values, denoted byR's, are summarised in Table   II . We perform global χ 2 fits of 7 model parameters to the observed Higgs signal strength
In the 2HDM, there are three sources to deviate the signal strength value from one. First, the effective couplings of H 0 with the SM particles can be different from those in the SM, which happens when c β−α = 1. Second, there are additional decay channels of The third source for the deviation is the FD effects [36, 56] : the inclusive decay of heavy Higgs states into H 0 yields more events in the 125 GeV state, which renders the H 0 not to be SM-like even in the alignment limit. In the hidden light Higgs scenario, dominant contribution to the FD effects is from the inclusive decay of A 0 into H 0 . The H ± contribution is negligible since its production at the LHC is too small. The general probability of the inclusive production of H 0 from A 0 decay is [36] 
As shall be shown in the next section, the "pre-LHC" constraints allow two kinds of regions in the (m H ± , m A ) parameter space. One is m H ± m A in all four types, and the other allows m H ± ≈ 100 GeV. Only the Br(A 0 → Z 0 H 0 ) in Eq. (17) is kinematically relevant.
We define new FD signal strengths as
where i = γ, W, Z, τ, b 2 . We add µ
FD:ZH ii
to R ZH ii and perform the global χ 2 fit to the observed R's.
IV. RESULTS
For the 7 parameters of λ 1,··· ,5 , t β , and m 2 12 , we randomly generate 2 × 10 10 points to scan over the following ranges:
We apply three steps of bounds:
Step-1 (yellow) theoretical bounds;
Step-2 (green) the pre-LHC bounds;
Step-3 (red) the LHC bounds.
The detailed conditions are summarised in Table I . In what follows, yellow, green, and red points denote the survived parameters after
Step-1, Step-2, and
Step-3 bounds, respectively.
Note that the bound conditions are accumulatively applied. The red points satisfy all the bounds. [90] . We find that especially Type II is very sensitive to the results and thus does not allow too large t β . In Fig. 2 , we present the allowed parameters by the LHC Higgs data in the plane (m A , t β ) for Type II. The heavy Higgs search results remove two regions, small t β region with m A 2m t and large t β region.
The small t β region is excluded by the γγ channel through the gluon fusion production, similarly to the h 0 = h 125 case [60] . Both g-g-A 0 and γ-γ-A 0 vertices are loop induced, mainly through the top quark loop. Since all of four types have top quark Yukawa couplings with A 0 be inversely proportional to t β , small t β yields sizable gluon fusion production as well as sizable branching ratio into γγ. If m A = 330 GeV, for example, t β should be above 2.5. This is stronger than the constraints from b → sγ and ∆M B d on small t β like t β 1 although the FCNC bound depends on the charged Higgs boson mass. Note that the exclusion of this small t β region is common for all four types. As m A goes beyond the tt threshold, the main decay mode of A 0 is into tt, with the branching ratio practically one unless t β is too large.
In Type II, large t β region is excluded mainly by bb → A 0 → τ + τ − [90] . Here, both b quark and τ Yukawa couplings with A 0 are proportional to t β , yielding the signal rate proportional to t (iv) Preferring the alignment limit: The deviation from the alignment limit is well parameterised by s β−α . In Fig. 3 , we show the allowed parameter space in the (s β−α , t β ) plane for Type I, II, X, and Y. Type I allows sizable deviation: |s β−α | 0.5 in most cases, but even |s β−α | 0.7 is allowed scarcely. This is expected from the normalised Yukawa couplings in Eq. (10) , which implies that the Z 2 parity is a good approximate symmetry in the scenario.
In Fig. 5 , we show the constraints in the (m one exception is Type II where the allowed space is much smaller. As discussed before, this is because of the strong constraint from the heavy Higgs boson search in the b quark associated production followed by the decay into τ + τ − . Positive m 2 12 is preferred, although we require for both h 0 and A 0 to be heavier than 10 GeV for simplicity. Another important constraint is from the H 0 → h 0 h 0 decay, which affects the LHC Higgs signal strength measurement. In the alignment limit, the H 0 -h 0 -h 0 vertex, normalized by the SM vertex
In the alignment limit, the decay H 0 → h 0 h 0 is sizable in general. In Types II, X, and Y where the alignment limit is strongly preferred (see Fig. 3 we study the current status of the Higgs triple and quartic couplings. First we study the allowed range of various Higgs triple couplings. In the normal setup with h 125 = h 0 , Ref. [94] showed that the LHC Higgs data constrain the normalised Higgs triple couplingsĝ hhh lies between 0.56 and 1 at 95% C.L. level in Type II. The Higgs boson pair production at a 14
TeV LHC was calculated for some benchmarks, not for the whole allowed parameter space, In Fig. 7 , we present the allowed values of the normalised Higgs triple couplings,ĝ φ i φ j φ k for
For all of four types, the triple coupling involving two 125 GeV states, g hHH andĝ HHH , are quite strongly constrained. Compared to the pre-LHC constraint, the LHC data restrictĝ hHH andĝ HHH within a few percent. In particular,ĝ HHH in Types II, X, and Y are very limited between 0.69 and 1.1. In Type I that allows much larger parameter space, the reduction is into 10% level.
The quartic Higgs couplings are in general less constrained even in the hidden light Higgs scenario. In Fig. 8 Eq. (9), the Z 0 -H 0 -A 0 vertex is proportional to s β−α , which is suppressed in the alignment limit. If s β−α = 0 and the kinematical space includes the pole of the A 0 propagator, the total cross section can be highly enhanced. Figure 10 shows the expected total cross section of e + e − → Z 0 H 0 H 0 versus m A at √ s = 500 GeV, normalized by the SM cross section. We accept only the parameter points which satisfy all of the current constraints. The analytic expression for σ(
is referred to Ref. [97] . In most parameter space, the cross section in the 2HDM is very similar to that in the SM. In some parameter space, however, all of the four types allow highly enhanced cross section. The rate of increase can be as large as factor of 10 4 . As clearly shown in Types I and X, the enhancement occurs when m A ≥ m Z + m H . 
VI. CONCLUSIONS
We have investigated the meaning of the LHC Run 1 in the context of the hidden light
Higgs scenario in the 2HDM with CP invariance and the softly broken Z 2 symmetry. We found that the LHC Run 1 data combined with other current constraints do not exclude the possibility that the observed scalar particle is the heavier CP -even Higgs boson H 0 .
The lighter CP -even Higgs boson h 0 is buried in the region of 120 GeV. A remarkable consequence is that in order to make m H = 125 GeV the Z 2 symmetry breaking parameter m 2 12 cannot be large, which renders m A,H ± rather light at the sub-TeV scale. We found the upper bounds on m A,H ± to be around 600 GeV. Since the mass scale of other Higgs bosons are not far from the LHC reach, the hidden light Higgs scenario can be tested in the near future.
We also found that the LHC Run 1 data begin to constrain the Higgs potential of the 2HDM. In particular, the values of λ 2 andĝ HHH are almost determined. The cross section of e + e − → Z 0 H 0 H 0 is expected to be close to that of the SM, while in a limited region of m A around 300 GeV it could be highly enhanced. The Higgs quartic couplings are less constrained. Hopefully future lepton colliders could check our predictions.
